Experimentally several charged axial-vector hidden-charm states were reported. Within the framework of the color-magnetic interaction, we have systematically considered the mass spectrum of the hidden-charm and hidden-bottom tetraquark states. It is impossible to accommodate all the three charged states Z c (3900), Z c (4025) and Z c (4200) within the axial vector tetraquark spectrum simultaneously. Not all these three states are tetraquark candidates. Moreover, the eigenvector of the chromomagnetic interaction contains valuable information of the decay pattern of the tetraquark states. The dominant decay mode of the lowest axial vector tetraquark state is J/ψπ while its D * D andD * D * modes are strongly suppressed, which is in contrast with the fact that the dominant decay mode of Z c (3900) and Z c (4025) isDD * andD * D * respectively. We emphasize that all the available experimental information indicates that Z c (4200) is a very promising candidate of the lowest axial vector hidden-charm tetraquark state.
I. INTRODUCTION
During the past decade, many charmonium-like states and bottomonium-like states have been reported by experimental collaborations such as Belle, BARBAR, CDF, D0, LHCb, BE-SIII and CLEOc. X(3872) was first observed by Belle Collaboration in the exclusive decay process B ± → K ± π + π − J/ψ [1] . Its mass is very close to theD 0 D * 0 threshold and its width is extremely narrow (< 1.2 MeV). Later LHCb Collaboration determined its J PC = 1 ++ [2] . Many theoretical groups interpreted X(3872) as the molecular candidate of theDD * system [3] [4] [5] [6] .
Besides X(3872), a family of so called Y states were also reported. Y(4260) was observed by BARBAR Collaboration in the invariant mass spectrum of π + π − J/ψ in the initial-state radiation process e + e − → γ IS R π + π − J/ψ [7] . Later Belle Collaboration observed a peak near 4.25 GeV and a new structure around 4.05 GeV which was denoted later as Y(4008) [8, 9] . Y(4360) was observed in the reaction e + e − → π + π − ψ(2S ) by BARBAR [10] . Almost at the same time, Belle observed two resonant structures in the π + π − ψ(2S ) invariant mass distribution Y(4360) and Y(4660) [11] , which was confirmed by BARBAR via the initial-state radiation process e + e − → π + π − ψ(2S ) [12] . Y(4630) was reported as a near-threshold enhancement in the e + e − → Λ + c Λ − c process [13] . The group of charged charmonium-like and bottomoniumlike states are even more exotic. The lightest charged charmonium-like state Z c (3900) was observed in the J/ψπ ± invariant mass in the process Y(4260) → J/ψπ + π − by BE-SIII Collaboration [14] , by Belle Collaboration with ISR [15] and by using CLEO data [16] . Its decay mode implies that Z c (3900) is a hidden-charm structure. Z c (4025) was observed in the π ∓ recoil mass spectrum in the process e + e − → (D * D * ) ± π ∓ [17] . Z c (4020) was reported in the π ± h c * Email: Luzhao@pku.edu.cn † Email: dwz@pku.edu.cn ‡ Email: zhusl@pku.edu.cn mass spectrum in the process e + e − → π + π − h c [18] . Moreover, two charged bottomonium-like resonances Z b (10610) and Z b (10650) were observed in the π ± Υ(nS ) and π ± h b mass spectrum in the Υ(5S ) decays [19] . Z 1 (4050) and Z 2 (4250) were observed in the π + χ c1 invariant mass distribution in thē B 0 → K − π + χ c1 decays [20] . Z c (4485) was observed by Belle Collaboration in the π ± ψ ′ invariant mass distribution in the exclusive B → Kπ ± ψ ′ decays [21] . Later its spin and parity were determined as J P = 1 + [22] . The charmonium-like state Z c (4200) was observed in the J/ψπ + mode with a significance of 8.2σ when performing the amplitude analysis of B → J/ψKπ [23] .
These XYZ states either decay into one charmonium/bottomonium state plus light mesons or into a pair of open-charm/open-bottom heavy mesons. Many of them do not fit into the conventionalmeson spectrum in the quark model. Some of them were interpreted as the candidates of the hybrid meson [24] , molecular states [3, 4, [25] [26] [27] [28] [29] , tetraquark states [30] [31] [32] [33] [34] [35] and so on. For example, Z c (3900) was interpreted as the isovector axial vector molecular partner of X(3872) [36] [37] [38] . Similarly Z c (4025) was speculated to be the D * D * molecular candidate [39] [40] [41] . There are also some other speculations about their nature [42, 43] . Z b (10610) and Z b (10650) are generally regarded as the candidates of theBB * andB * B * molecular states [44] [45] [46] [47] . However, it is not very natural to explain Z c (4200) and Z c (4485) as the S-wave molecular states composed of two Swave heavy mesons. Instead, Z c (4485) was proposed as the cousin molecular state of Z c (3900) and Z c (4025) composed of D(D * ) and its radial excitation [48, 49] . Another interesting possibility is that some charged Z c states might be tetraquark candidates. The lighttetraquark system was first studied in the MIT bag model [50, 51] , where the multiquark mass spectrum mostly depend on the chromomagnetic interaction among the quarks. When considering the chromomagnetic interaction, it is convenient to adopt the S U(6) cs representation which is the eigenstate of the color-magnetic (CM) interaction and can be constructed as the direct product of the S U(3) color and the S U(2) spin group. The bag model was later used to discuss the hidden-charm/bottom tetraquark system [52, 53] . The hidden-charm tetraquarks were also studied in the constituent quark model (CQM) [33, 54] .
In this work we will investigate whether some of the charged Z c states could be the tetraquark candidates. We will discuss the mixing of the hidden-charm tetraquark states in the different color-spin representation and possible mass splitting of the hidden-charm tetraquark states in the framework of the chromomagnetic interaction. We will employ two schemes to fix the strength of the CM interaction and extract the masses and wave functions of the J P = 1 + , 0 + , 2 + tetraquark systems. Then we compare the hidden-charm tetraquark spectrum with the current experimental data.
The paper is organized as follows. After the introduction, we present the chromomagnetic hamiltonian and the tetraquark model in Section II. In Section III, we discuss the masses of the possible tetraquark candidates. We explore the decay pattern of the tetraquark system in Section IV. The last section is the discussion and summary.
II. HEAVY TETRAQUARK

A. The Chromomagnetic Hamiltonian
For the tetraquark system, we consider the chromomagnetic (CM) interaction to derive the mass splitting. The Hamiltonian reads
where m i is the mass of the i-th constituent quark. H CM describes the CM interaction which is derived from one gluon exchange [50, 51, 55, 56 ]
where λ i is the quark color operator and σ i is the spin operator. For the anti-quark, λq = − λ * q and σq = − σ * q . v i j represents the interaction strength between two quarks. Therefore, v i j depends on the wavefunction of the multiquark system. For example, v i j takes different values in the qq,andsystems. In the bag model, v i j depends on the bag radius and the constituent quark mass. On the other hand, the constituent quark model (CQM) is very successful in describing the meson and baryon spectrum, where the color-magnetic interaction leads to the mass splitting between the octet and decuplet baryons. We follow the CQM convention and adopt
. The parameter v depends on the multiquark system.
B. Hidden-charm tetraquark wavefunction
For thetetraquark system, the CM wavefunction can be constructed either as⊗qq or⊗ qq. We use Q,Q For the tetraquark system q 1 q 2q3q4 with four different flavors, the CM interaction matrix element between two S U(6) cs eigenstates |k and |l is
where
and
For the diquark system we havē
where C 6 and C 3 are the Casimir operators of S U(6) cs and S U(3) c groups. S is the spin operator. Based on the S U(6) cs group decomposition, the color-spin wavefunction of the J p = 1 + tetraquark S U(6) cs eigenstates can be constructed in the Q ⊗Q form
The CM wavefunctions of the J P = 0 + and J P = 2 + tetraquark states are listed in the appendix. These wavefunctions are the eigenstates of the CM interaction V i j (Q) and V i j (Q). The CM interaction V CM also has the form V i j (Q).
In order to get their eigenstates, we need to do the recoupling from Q ⊗Q toQ ⊗Q. Based on Wigner and Racah coefficients of S U(6) cs ⊃ S U(3) c ⊗S U(2) s [57, 58] , the 1 + S U(6) cs eigenstates in terms of q 1q3 ⊗ q 2q4 are According to the S U(3) c and S U(2) s symmetry, the S U(6) cs eigenstates in terms of q 2q3 ⊗ q 1q4 have the same form with those of q 1q3 ⊗ q 2q4 in Eqs. (13), (15) and (16). There appears an extra minus sign in the tetraquark states in Eqs. (14), (17) and (18) when we change the basis from q 2q3 ⊗ q 1q4 to q 1q3 ⊗ q 2q4 . For the J p = 0 + and J P = 2 + tetraquark states, the S U(6) c s eigenstates in the form ofQ ⊗Q are listed in the appendix.
Using the above S U(6) cs eigenstates in Eqs. (7)- (18), we can calculate each individual term in Eq. (3), obtain the eigenvalues of the CM interaction matrix V CM , and derive the wave function and mass of the tetraquark system.
III. POSSIBLE TETRAQUARK CANDIDATES AMONG VARIOUS Z c STATES
In order to extract the tetraquark mass, we need the values of the constituent quark mass and the parameter v. Recall that the charmonium J/ψ and η c can be treated as the S U(6) cs diquark cc state |35, 1 c , 1, 2 and |1, 1 c , 0, 2 . Similarly, the charmed mesons D * and D can be treated as S U(6) cs diquark cū state |35, 1 c , 1, 2 and |1, 1 c , 0, 2 . With Eq. (4) and the meson masses from PDG [59] , we can extract the masses of the u, c, s and b constituent quarks. 
From the above equation, we get
After diagonalizing the mass matrix V CM for the J P = 1 + qcqc tetraquark states, we get six eigenvalues: −15.9v, −4.1v, −1.5v, 1.7v, 5.6v, 5.8v which are listed in Table VII . Sometimes we use the eigenvalues to denote the state. In the following we discuss two schemes to fix the parameter v and extract the tetraquark spectrum.
A. Scheme I: Using the mass of one of the Z c states as input
Assuming that Z c (3900) is one of the six tetraquark states, the parameter v can be fixed. Similarly, Z c (4025) and Z c (4200) can also be used as input to extract the value of v. Throughout our discussion, we require v to be positive. Then we use the obtained v to calculate the masses of the other eigenstates, which are listed in Table I .
If Z c (3900) is appointed as the state with the eigenvalue −15.9v, −4.1v and −1.5v, it is quite difficult to accommodate either Z c (4025) or Z c (4200) among the six states. If Z c (4025) is appointed as the state with the eigenvalue 1.7v, the mass of the state with the eigenvalue 5.6v is 4215.4 MeV which is close to Z c (4200), while the mass of the state with the eigenvalue −1.5v is 3868.8 MeV which is 30 MeV lower than Z c (3900). Unfortunately, the lowest axial vector tetraquark state is around 3166 MeV. Such a scheme is not realistic.
If Z c (4200) is appointed as the state with the eigenvalue 5.6v, the mass of the state with the eigenvalue 1.7v is 4020.3 MeV which is close to Z c (4020). The mass of the state with the eigenvalue −1.5v is 3872.9 MeV, which is 28 MeV lower than Z c (3900). In this case the lowest state is around 3210 MeV, which is also quite unrealistic. It's almost impossible to accommodate all the three charged states Z c (3900), Z c (4025) and Z c (4200) within the axial vector tetraquark spectrum simultaneously. In other words, at least one or two of these states is not a tetraquark candidate. The parameter v can be extracted from the mass splitting if we assume two of the three states Z c (3900), Z c (4025) and Z c (4200) are the 1 + qcqc tetraquark states. As pointed out in Section IV, the state with the eigenvalue −4.1v does not decay to J/ψπ. Thus it is not appropriate to assign it as Z c (3900). Therefore we only assume Z c (3900) as the state either with the eigenvalue −15.9 or −1.5v. Once the value of v is extracted, we obtain the whole spectrum. The results are listed in Table  II .
If Z c (3900) and Z c (4025) are assigned as the state with the eigenvalue −1.5v and 1.7v respectively, the resulting mass of the state with the eigenvalue 5.6v is 4177.3 MeV, which is close to Z c (4200). Unfortunately the lowest state is around 3338 MeV, which is unrealistic. Similarly, if Z c (3900) and Z c (4200) are assigned as the state with the eigenvalue −1.5v and 5.6v respectively, the mass of the state with the eigenvalue 1.7v is 4035.2 MeV, which is close to Z c (4025). If Z c (4025) and Z c (4200) are treated as the state with the eigenvalue 1.7v and 5.6v respectively, the mass of the state with the eigenvalue −1.5v is 3881.4 MeV, which is close to Z c (3900). Now the lowest state is around 3235 MeV. Although we could accommodate all three charged states Z c (3900), Z c (4025) and Z c (4200) as the axial vector tetraquark candidates, the resulting mass of the lowest state is always too low and unrealistic. In other words, not all these three states are tetraquark candidates, which is consistent with the conclusion in the previous subsection. 
C. The qcsc, scsc and hidden-bottom tetraquark states
We assume Z c (4025) as the qcqc tetraquark state with the eigenvalue 1.7v to fix the parameter v and collect the numerical results for the qcsc and scsc tetraquark states in Table III. We extend the same formalism to investigate the hiddenbottom tetraquark states. The results are collected in Tables  IV, V, VI. 
IV. DECAY PATTERNS OF HIDDEN-CHARM TETRAQUARKS
The eigenvalues of the CM interaction matrix V CM can be used to derive the mass of tetraquark system, while the eigenvectors of V CM contain important information on their decay pattern. Therefore, we carefully investigate the eigenvectors of the tetraquark systems with the configuration qcqc, qcsc and scsc and J P = 0 + , 1 + , 2 + . We first list the eigenvalues of V CM for the qcqc, qcsc and scsc tetraquark configuration in Table VII . For the J P = 0 + , 1 + case, we only list the eigenvectors with the negative eigenvalues. When we present the eigenvectors using the diquark representation⊗ qq, we omit the N in the diquark representation |D 6 , D 3c , S , N for brevity since N = 2. We present the expressions of the eigenvectors for the qcqc, and η c ρ modes are suppressed roughly by a factor of eight if we ignore the phase space difference. In contrast, the J/ψπ mode is strongly suppressed. If we ignore the phase space difference, the suppression factor is roughly 25 compared with the dominant D * D mode. Based on the current experimental information, all the three Z c (3900), Z c (4200) and Z c (4485) can be assigned as this third tetrquark state with the eigenvalue −1.5v. Especially, the characteristic decay pattern of this third axial vector tetraquark state matches well with that of Z c (3900). With such an assignment, we would expect two more axial vector tetraquark states with the eigenvalue −15.9v and −4.1v which are very close to (or even below) the open charm threshold and lie below Z c (3900). Their decay patterns are listed in the previous paragraphs. 
V. SUMMARY
Within the framework of the color-magnetic interaction, we have systematically considered the mass spectrum of the hidden-charm and hidden-bottom tetraquark states with the configurations qcqc, qcsc, scsc, qbqb, qbsb, sbsb and J P = 1 + , 0 + , 2 + . Experimentally several charged axial-vector hidden-charm states were reported. We have adopted two schemes to fix the parameter v and extracted the tetraquark spectrum. We first On the other hand, the charmonium-like charged state Z c (4200) is observed in the J/ψπ channel with significance 8.2σ. Its mass is far away from the mass threshold of two Swave heavy mesons. In fact, the axial vector hidden-charm tetraquark state was predicted to lie around 4.2 GeV several years ago [60] . As expected as a tetraquark candidate, Z c (4200) is very broad with a width around 370 MeV. All the available experimental information indicates that Z c (4200) is a very promising candidate of the lowest axial vector hiddencharm tetraquark state. Future experimental investigations of this state will be very desirable. According to the S U(3) c and S U(2) s symmetry, the S U(6) cs eigenstates of the q 2q3 ⊗ q 1q4 form are the same as those of the q 1q3 ⊗ q 2q4 form in the first two tetraquark states, while there appears an extra minus sign in the last two tetraquark states.
The S U (6) 
